We have developed methods to exfoliate MoS 2 in large quantities in surfactant-water solutions. This method can be extended to a range of other layered compounds. The layered material tends to be exfoliated as relatively defect free flakes with lateral sizes of 100s of nm.
With high surface area and novel properties, two-dimensional (2D) materials are potentially useful for a range of applications. In addition to graphene, many 2D compounds exist with BN, MoS 2 and Bi 2 Te 3 generating renewed interest. Such materials are found stacked in layered crystals and can be metals, semiconductors or insulators. [1] In addition, some are thermoelectric materials, [2] superconductors [3] or topological insulators [4] . In order to unlock these valuable properties, these materials must be easily In addition to graphite, a wide range of inorganic layered compounds exist. A good example are the transition metal dichalcogenides (TMDs). [1] These form 2-dimensional layers of covalently bonded transition metal atoms, M, and chalcogen atoms, X (X=S, Se, Te), in the stoichiometry MX 2 , with examples such as MoS 2 , NbSe 2 and NiTe 2 . [1] In addition, some transition metal oxides [5] form 2D structures as do other materials such as BN, Bi 2 Te 3 , Sb 2 Se 3 , FeTe etc. In general these 2D layers tend to bond via van der Waals interactions, stacking to form 3D crystals. These materials span the whole gamut of electronic structures from insulator to metal [1] and display interesting properties [6] such as superconductivity, [3] thermoelectricity [2] and topological insulator effects. [4] While micro-mechanically exfoliated [7] single flakes of materials such as MoS 2 are ideal for electronic devices, [8] large scale liquid-phase exfoliation methods will lead to a range of thin film applications such as nano-scale hybrids for use in thermoelectrics, [9] supercapacitors [10] or Li-ion batteries [11] . One advantage of such applications is that, as the electronic properties of TMDs vary relatively slowly with layer number, [12, 13] full exfoliation to monolayers is not necessary; dispersed few-layer flakes are sufficient.
While a number of layered compounds can be exfoliated by ion intercalation, [14] [15] [16] [17] this method is time consuming, extremely sensitive to environmental conditions and results in structural deformations in some TMDs. [18] Furthermore, removal of the ions results in re-aggregation of the layers. [19] More promisingly, it has recently been shown that both TMDs [20] and BN can be exfoliated in organic solvents. [21] [22] [23] [24] However, for large-scale applications, exfoliation in an aqueous environment would be hugely advantageous. While BN can be dispersed in water due to sonication-assisted hydrolysis, this method cannot be extended to other layered compounds. [25] The discovery of a facile, scalable method to exfoliate a range of layered materials in water would assist the production and characterisation of a range of new materials and greatly facilitate the potential transfer of such technology to industry. In this work we show that a number of layered crystals can be exfoliated in water, resulting in thin flakes stabilised by a surfactant coating. This method is robust, can be carried out in ambient conditions, is scalable and allows the preparation of films, hybrids and composites.
One possible reason why ion intercalation has been prevalent for TMDs rather than other liquid based dispersion methods is the relatively high exfoliation (surface) energy of TMDs. Computational studies have estimated this as greater than 250 mJ/m 2 for both MoS 2 and WS 2 ; [26, 27] many times greater than that of graphene [28] or BN [29] . We suggest that sonication can be used to exfoliate TMDs in water, so long as a stabiliser is present to prevent rapid reaggregation driven by the large surface energy. [14] We suggest that ionic surfactants are ideal stabilisers due to their van der Waals binding to the exfoliated nanosheets and subsequent electrostatic stabilisation.
To test this, we probe sonicated MoS 2 powder at initial concentration, C I =5 mg/mL, in an aqueous solution of the surfactant sodium cholate [30, 31] of concentration, C SC =1.5 mg/mL for 30 minutes (although other surfactants work just as well, see supporting information, SI). The dispersions were centrifuged to remove un-exfoliated powder. Separation of the supernatant gave dark liquids as in figure 1a . Optical absorption measurements gave spectra superimposed on a large power-law background, ~a   (figure 1b and SI). The exponent, a, associated with this background varied with centrifugation rate, and so flake size, suggesting the background to be due to light scattering . [32] Subtraction of the scattering background gave spectra typical of MoS 2 (figure 1b, inset). [33] Optical absorbance scaled linearly with C (see SI) both before and after background subtraction.
The dispersed concentration, C, could be measured by filtration and weighing allowing the estimation of the extinction coefficient (672 nm, after background subtraction) to be =1517 L/g/m.
This allows the measurement of dispersed concentrations using the Lambert-Beer law,
where A/l is the absorbance per cell length. The dispersed concentration increased monotonically with surfactant concentration as shown in figure 1c . Interestingly, reasonable concentrations of MoS 2 could be dispersed even at surfactant concentrations well below the critical micelle concentration (~4 mg/mL) of sodium cholate, as long as C SC 0.3C I . In addition, the dispersed concentration scales linearly with the starting concentration (C I ) once C I <20 mg/mL. This allows us to define a yield, Y (C=YC I ). By increasing the sonication time to 16 hrs, the dispersed concentration can be increased to ~0.5 mg/mL. This is equivalent to a yield of ~10%. By recycling the sediment, the overall yield can be increased to 17% (see SI). We suggest that multiple recycling steps could increase the yield even further. We note that this method can easily be used to make dispersions by the litre with concentrations of at least 0.25 mg/ml (see SI).
Surfactant-coated nanoparticles are usually stabilised by electrostatic repulsion as characterised by the zeta potential. [34, 35] At neutral pH, the zeta potential of the sodium cholate-coated MoS 2 was measured to be stable over weeks at -40 mV (figure 1f) and was extremely robust against changes in pH (figure 1f). After centrifugation, sedimentation measurements [36] showed that over half the MoS 2 remains dispersed indefinitely (figure 1g). We note that the observation of such stable dispersions at relatively low zeta potential suggests that previous estimates of MoS 2 surface energy may be too high. [26, 27] It is critical to ascertain the nature of the dispersed MoS 2 . Transmission electron microscope examination of material deposited from the dispersion showed the presence of large quantities of extremely thin 2-dimensional flakes (figures 2 a -c) which we believe to consist of a small number of 3 c) . [20] This is in contrast to ion exfoliated MoS 2 which generally becomes distorted from the bulk 2H structure. [18, 37] TMDs would be ideal for applications in thermoelectric devices, Li ion batteries or supercapacitors but for their low electronic conductivity. However, the conductivity would be increased dramatically by incorporation of conducting nanostructures into the TMD films. To demonstrate this, we exfoliated graphene and single walled nanotubes (SWNT) in aqueous sodium cholate solutions at known concentrations. [31] These were then blended with an aqueous MoS 2 /SC dispersion in various ratios to give MoS 2 /graphene and MoS 2 /SWNT dispersions with a range of compositions. These could then be formed into free standing films by vacuum filtration (figure 3d).
SEM analysis shows the MoS 2 /graphene films to be similar in morphology to the MoS 2 -only films while for the MoS 2 /SWNT films, the flakes appear to be embedded in the SWNT network (figure 3f).
Addition of the nano-conductors increases the film conductivity,  DC , dramatically from ~10 -5 S/m for the MoS 2 alone to 1000 S/m for 100% graphene and 210 5 S/m for 75% SWNTs (figure 3f).
Increasing the DC conductivity of nanostructured materials without degrading the Seebeck coefficient is an important goal in thermoelectric research. [9] We found the Seebeck coefficient to fall only slightly with nanotube content, remaining close to S=25 V/K up to 75wt% SWNT. Importantly, the power factor increased with nanotube content (figure 3g), reaching S 2  DC =87 Wm -1 K -2 for 75wt% before falling off at higher nanotube contents.
We can also use MoS 2 /SWNT hybrids as cathodes in Li ion batteries. These hybrid electrodes show higher rate capability and higher retained capacity over 100 cycles when compared to MoS 2 -only electrodes (figure 3h prepared, even though the dispersion procedure was not optimised for each material (figure 4a). The absorption spectra of the dispersions were close to those expected for these materials (figure 4b). [1] In addition, these dispersions could easily be formed into films by filtration (figure 4c). TEM examination showed reasonably well-exfoliated flakes in all cases (figure 4d-i). We illustrate the usefulness of this method by making electrical and optical measurements on an NbSe 2 film (thickness ~200 nm). We measure transmittance (550 nm) of T=20% coupled with sheet resistance of R s =2.1 k/. By adding 10wt% SWNTs, these properties improved to T=33% and R s =67 /, significantly better than for graphene networks (see SI). [38] This exfoliation method can also be extended to transition metal oxides. We have exfoliated flakes of MnO 2 (figure 4 j&k), emphasising the generality of this method. Such materials will be important in applications such as supercapacitors. [39, 40] We propose that this exfoliation method is general and will apply to the vast majority of layered compounds. Unlike ion exfoliation methods, this process is quick, easy and insensitive to ambient conditions. While the degree of exfoliation is inferior to ion exfoliated dispersions, this is more than compensated by the versatility of the procedure (see SI). This method will lead to the ability to produce thin films of inorganic layered compounds for applications in batteries and devices or as coatings or lubricants. In addition, it allows the production of a wide range of hybrids with tuneable conductivity and attractive thermoelectric properties as well as composites with enhanced mechanical properties. Microscopy samples were prepared by drop casting onto a holey carbon grid. Raman spectroscopy was carried out on a Horiba Jobin Yvon LabRAM using a 50X objective lens with a 633 nm laser excitation. SEM was carried out using a Zeiss Ultra Plus SEM. More detail is given in the supporting information. flake on a TEM grid. Energy dispersive X-ray spectral analysis, taken in the region marked by the box, confirmed the composition of this flake to be very close to MnO 2 .
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